Coal provides the primary source of energy for many countries including Asia, South America, North America and Europe, and large quantities of waste products are produced during the combustion of coal in coal-fired power stations. This review paper gives an overview of the various types of coal combustion products (CCPs) and their utilization in various sectors, with a particular emphasis on the role of CCPs in managing the bioavailability of nutrients and heavy metals in relation to enhancing soil chemical fertility and mitigating metal contaminated soils. Currently, CCPs are used extensively in agricultural and construction industries. In agricultural industries, they are used primarily as an amendment to improve the physical and chemical properties of soil, as a source of liming material to ameliorate soil acidity and as a nutrient source to supply calcium and sulphur. In the construction industry, they are used mainly as a source of concrete, roofing material and road surface sealing. Increasingly, CCPs are used in the remediation of contaminated environments including control of acid mine drainage, mitigating phosphorus leaching in farm lands and immobilization of toxic metals in mine sites and agricultural soils.
INTRODUCTION
Coal Combustion Products (CCPs) result from the combustion of coal, both in the presence and absence of bedding materials in coal-fired power stations. The volume of waste generated and problems with safe disposal make these by-products a menace to public health and environment. The rate of CCPs generation has been steadily increasing and is also predicted to ascend in the next two decades, mainly due to the intensification in coal usage for energy production (WEC, 2007) . The rising Asian economies and the already developed nations like USA and Australia are projected to increase their energy needs thereby conflicting with Kyoto Protocol, although they are not part of the treaty.
Coal is derived from peat and as geological processes apply pressure to peat over time, it is transformed into the following types based on their organic maturity (WCI, 2009):
-Lignite (brown coal) -is the lowest rank of coal and used solely as fuel for steam-electric power generation.
-Sub-bituminous coal -properties range from those of lignite to bituminous coal and are used primarily as fuel for steamelectric power generation.
-Bituminous coal -a dense coal, usually black, sometimes dark brown, used primarily as fuel in steam-electric power generation, with substantial quantities also used for heat and power applications in manufacturing and to make coke.
-Anthracite -the highest rank of coal and is a harder, glossy and black coal used primarily for residential and commercial space heating.
Coal-fired power stations generate a number of by-products during the combustion of coal. Coal is usually burnt in a pulverised fuel furnace, resulting in two major types of ash products (CCPs) -the fly ash (FA) and the bottom ash (BA). The FA, which is recovered from the flue gas, has fine texture and is the major portion (90%) of ash produced. The remainder is collected at the bottom of the furnace as BA (coarser than FA). Apart from these two ash products, two other by-products -fluidised bed combustion (FBC) ash and flue gas desulphurisation (FGD) ash are produced as part of Clean Coal technologies, mainly to trap sulphur oxides (SO x ) produced during the combustion of high sulphur (S) containing coal (Stout et al., 1998) .
The use of CCPs as a soil amendment has been an ongoing area of investigation in many countries that produce coal and also use coal as an energy source. Following a brief overview of the types of CCPs, volume of production and their industrial, agricultural and environmental applications, the review focuses on the role of CCPs in managing the bioavailability of nutrients such as nitrogen, phosphorus, sulphur and calcium, and heavy metals such as cadmium, lead and mercury in relation to enhancing soil chemical fertility and mitigating metal contaminated soils.
Coal reserves are available in almost every country worldwide, with recoverable reserves in around 70 countries. At current production levels, proven coal reserves are estimated to last 122 years. In contrast, proven oil and gas reserves are equivalent to around 42 and 60 years at current production levels, respectively. This forecasts the potential continuing dominance of coal in energy production in the most successful industrial nations like United States, China, India, Australia and South Africa, where the coal power plants contribute over 50% to the energy needs of these countries (Figure 1 ) (WCI, 2008) .
Global coal consumption is expected to increase at an average rate of 1.7% per year until 2020 and share of coal in world primary energy demand will remain stable at about 25% until 2020 (IEA, 2003) . Although the coal industry welcomed the progress made in the Copenhagen summit (2009), it urged the governments to be more ambitious on climate change and work quickly to reach a legally binding agreement to replace the Kyoto Protocol as early as possible in 2010 (WCI, 2009 ). This will eventually drive the industrially powerful countries to invest on clean coal technologies and ensure effective carbon capture and storage. The clean coal technologies include the safe disposal and beneficial utilisation of post combustion productsthe CCPs. Fly ash (FA) -the non-combustible oxidized elements, light to mid-grey in colour, with sphere-shaped particles ranging in size from less than 1 μm to 200 μm that exit the combustion chamber in the flue gas and is captured using electrostatic precipitators, filter baghouses, or wet scrubbers (Heidrich, 2003) . FA has typical pozzolanic characteristics (siliceous, or siliceous and aluminous material).
Bottom ash (BA) -agglomerated ash particles formed in pulverized coal furnaces that are too large to be carried in the flue gas stream and impinge on the furnace walls or fall through open grates to an ash hopper at the bottom of the furnace. Bottom ash is typically grey to black in colour, is quite angular, and has a porous surface structure.
Fluidised bed combustion (FBC) ash -is
formed when fine coal is burnt in the presence of crushed limestone as a bedding material in fluidized form. The FBC is a technology employed to limit the amount of S released into the atmosphere while burning S-rich coal. Sulphur dioxide (SO 2 ) released during combustion is converted to calcium sulphate (CaSO 4 ) through its reaction with the calcined limestone. Fluidized bed furnaces burn coal at lower temperatures (815 -870 º C) than the conventional coal fired furnaces (1400 -1600 º C). The chemical reactions involving the limestone charge in a fluidized bed boiler can be described by the following equations:
Because of its relatively low cost, the FBC technique has become widely used for reducing SO 2 emissions from electricity-generating plants. Existing coal fired power plants can be modified to FBC, and therefore present a simple option for bringing older plants into compliance with clean air legislation (Wang et al., 1994) . (Srivastava, 2000) .
Flue-gas-desulphurization
The chemistry of the production of (NH 4 ) 2 SO 4 from boiler flue gas is very similar to the chemistry of wet limestone FGD. SO 2 from the flue gas is absorbed in the spray tower by water according to the equation:
The H 2 S0 3 is then reacted in a reaction tank with ammonia to form (NH 4 The fuel and S-capturing sources dictate the composition of these by-products in the coal industry. For example, the FBC ash is highly alkaline because of the presence of unspent sorbent, and also contains anhydrite, thus has potential to be used as liming material and S fertilizer; whereas FGD gypsum is nearly neutral and primarily used as a source of S. In supplying the power requirements for Australian households, around 14.6 Mt (million tonnes) of CCPs are produced annually of which about only 1.787 Mt is utilized primarily in the construction industry. In Australasia, about 85% of the current "beneficial use" of fly ash is for partial cement replacement (between 10 & 20%) to enhance the properties of concrete and other building materials. Only about 0.5 Mt (3%) is used for non-cementitious applications, which include agriculture and environment (ADAA, 2008) . Similarly, ash utilization as a percentage of total ash generated in different countries amounts to around 85% in West Germany, 73% in Denmark, 60% in France and UK, 50% in Poland, 32% in US, 25% in China and 15% in India (Sinha and Basu, 1998) . However, there is a high potential for greater utilisation of these CCPs in Australia and worldwide.
Properties of coal combustion products
The physical and chemical properties of CCPs depend upon a number of factors, including the origin and the type of coal burnt, boiler conditions, type and efficiency of the emission controls and nature of sorbents used to trap S (Adriano et al., 1980; Stout et al., 1998; Wang et al., 2006) , but certain characteristics tend to be similar in most ashes. Chemically, CCPs are mainly (7) silico-aluminate glasses, though some mineral materials may also be present. Based on the chemical composition, FA is grouped into two classes -F and C (ASTM, 1994) . They primarily differ in the amount of calcium and the silica, alumina, and iron content in the ash, which also vary among the types of coal used (Table 1) . Class F FA is highly pozzolanic and has total calcium content typically ranging from 1 to 12 %, mostly in the form of calcium hydroxide and calcium sulphate. In contrast, Class C FA contains calcium content as high as 30 to 40 %. Another difference between Class F and Class C is that the amount of alkalis (combined sodium and potassium) and sulphates (SO 4 ) are generally higher in the Class C fly ashes than in the Class F fly ashes. Countries like United States and India, which produces Class C fly ashes, need to strictly implement clean coal technologies like FBC and FGD for this reason. In Australia, the majority of ash produced is categorised as Class Fbeing mainly silica and alumina (80-85%) and less than 10% CaO (Table 1) . Generally, the CCPs are mainly composed of silt-sized materials having a diameter from 0.01 -100 μm (Kula et al., 2002; Peng et al., 2004) . When compared with mineral soils, FA has lower values for bulk density, hydraulic conductivity and specific gravity. Both crystalline (mullite) and amorphous (glass) phases have been identified by Xray diffraction in fly ash (Mattigod et al., 1990; Karayigit and Gayer, 2001 ). The chemical properties of CCPs will largely be determined by the metal oxides (Si, Al, Fe, Ca, Mg, Na, K) that are surface adsorbed during particle formation (Terman et al., 1978; Adriano et al., 1980) . Most of these elements can substitute into the iron pyrite structure, and coals higher in pyrite therefore tend to produce CCPs which contain higher levels of these elements. The behavior of volatile elements such as Se and Hg is highly dependent upon the burning conditions within the boiler and the sorbents used for capturing S (Punshon et al., 2003) . During the combustion and subsequent cooling process many different metal oxides can precipitate and concentrate on the surfaces of fly ash particles. Based on reactivity and surface electric charge, three groups of solid components have been identified in fly ash (Terman et al., 1978; Adriano et al., 1980;  Table 2 ). Table 2 . Groups of solid components in fly ash (Adriano et al., 1980) . The above mentioned physical and chemical properties of CCPs have driven coal industries and environment researchers to explore the possible applications as part of the sustainable utilization strategies of these mine derived resources.
Groups

Application of coal combustion products
Currently, CCPs are used extensively in construction and agricultural industries.
In the construction industry, they are used mainly as a source of concrete, roofing material and road surface sealing (Chugh et al., 2006) . The various types of CCPs and their potential applications are listed in the Table 3 . In agricultural industries, they are used primarily as an amendment to improve the physical and chemical properties of soil, as a source of liming material to ameliorate soil acidity and as a nutrient source to supply calcium and sulphur (Heidrich, 2003; Wang et al., 2006) . About 85% of the current use of FA is for partial cement replacement (10-20%) to enhance the properties of concrete and other building materials. The BA is used as a sand replacement, aggregate for lightweight blocks, a road-base component, for agricultural drainage mediums and as an engineered bulk fill. The pozzolanic property of FA means in finely divided form and in the presence of moisture, it could chemically react with calcium hydroxide at ordinary temperatures to form compounds that have cementitious properties. As a partial replacement of the sand and cement in concrete, FA economically enhances performance in regard to workability, shrinkage creep and durability to produce high-performance concrete (Kurita and Nomura, 1998; Bilodeau and Malhotra, 2000) .
The idea of utilizing CCPs in agriculture has originally arisen as a result of their role as a nutrient supplement in soils low in Se, Mo, Cu, Zn, or B (Page et al., 1979; Adriano et al., 1980; Kesh et al., 2003; Yunusa et al., 2006) . The CCPs in general and FA in particular have a considerable content of K, Ca, Mg, S and P (Page et al., 1979; Adriano et al., 1980; Singh et al., 1997; Yunusa et al., 2006) , which help in increasing plant growth and nutrient uptake.
Much research and development has been carried out in the past three decades on the use of fly ash in agriculture (Page et al., 1979; Stehouwer et al. 1996; Stout et al. 2003; Wang et al., 2006) , where the potential of CCPs as liming agent, source of plant nutrients, and soil modifier has been exploited. The uptake or enrichment of various nutrients and toxic trace elements (Table 4) in soil after CCPs amendments has been investigated, and crop produce has been found safe for consumption (Sen et al., 1997) .
The agricultural use of CCPs highly depends on the nature of parent coal used and coal combustion technologies used for power generation (El Mogazi et al., 1988; Wang et al. 1994) . The agricultural use of CCPs has often been assessed in relation to its effects on: (1) crop yield and establishment; (2) uptake and accumulation of nutrient and nonnutrient elements; and (3) toxicity levels of trace elements (Table 4) .
The CCPs are also used for various environmental applications that include: (a) Phosphorus retention; (b) Heavy metal immobilisation; (c) Acid mine drainage (AMD) mitigation and mine site reclamation; and (d) Carbon sequestration. For example, Stehouwer et al. (1995) demonstrated the value of CCPs as an amendment for coal refuse piles and non-agricultural lands, especially for reclaiming mined areas. Similarly, Gitari et al. (2006) examined the value of CCPs in mitigating AMD. 
Bioavailability of nutrients and heavy metals
Application of CCPs to soil influences the bioavailability of nutrients and heavy metals by acting as a source and also by affecting their transformation in soils (Table 5) . For example, depending on the origin, CCPs contain appreciable amounts of nutrients such as sulphur, calcium and magnesium and heavy metals such as cadmium, chromium and mercury, thereby acting as a source of these elements (Table 4) . Similarly, the application of CCPs is likely to affect soil properties such as pH and cation exchange capacity, thereby influencing the reaction and transformation of nutrients and heavy metals.
Bioavailability refers to how much of a chemical is available to a living biota including plants and soil microorganisms. (Naidu et al., 2008) However, the bioavailability of a chemical defines the relationship between the concentration of the chemical in the terrestrial environment and the level of the chemical that actually enters the receptor causing either positive or negative effect on the organism. Bioavailability is species-specific because the dose which reaches an organism's target organs or tissues, and results in a biological response, may vary among receptors (Stokes et al., 2005) . Bioavailability is also often referred to as the extent to which a chemical can desorb, dissolve, or otherwise dissociate from the environmental medium in which it occurs to become accessible (i.e. bioaccessibility) for absorption (Alexander and Alexander, 2000 (Hrudey et al., 1996) . In both fertilizer recommendation and contaminated site assessment, bioavailability addresses the fundamental issue of exposure of the element to a receptor. However, exposure is not dictated by the total concentration of the element in the environmental media, but rather by the fraction of the total concentration of the element that is biologically available. Hence, exposure can only occur following the release (e.g. desorption) of the element from the soil particle and if the element is then transported to the receptor. The amount of an element in soil that is bioavailable depends on a variety of factors including the properties of both the element and the soil environment (Adriano et al., 2004) .
Nutrients
Numerous studies have examined the value of CCPs as a nutrient source (Table 4 ). The major nutrient elements in CCPs include Si, Al, Fe, Ca and S, together with lesser amounts of Na, Mg, B, Sr and K. For example, FBC and FGD ashes have Ca and Mg contents ranging from 13% to 39% and from 0.1% to 16%, respectively depending on whether the sorbent is calcite or dolomite. Due to the presence of unspent sorbent, FBC ash is usually highly alkaline (pH water 10.5-12.5) with significant neutralization potential. It has been reported that the best agricultural use of FBC ash is as a liming source to overcome the problems associated with soil acidity (Terman et al., 1978; Stout and Priddy, 1996; Wang et al. 1994) . The S content of FBC and FGD ashes is also relatively high, being mainly in the form of CaSO 4 (anhydrite). Therefore, these two are a major source of both Ca and S for plant nutrition in addition to relatively high liming value (Wang et al. 1994) . Compared with Ca and S, the amounts of N, P and K in CCPs are negligible. The micronutrient content in CCPs is low except for boron (B) that ranges from 36 to 1360 mg kg -1 (Table  4) . Boron is an essential mineral nutrient for all vascular plants. The functions of B are primarily extracellular, which relates to lignification and xylem differentiation. Some of the CCPs such as FBC ash also contain small amounts of selenium (Se, 0.16 -5.6 mg kg -1 ) which is an essential nutrient for animals but not for plants. Due to the oxidizing conditions to which these elements are exposed during combustion, Fe, Mn, Cu and Zn probably occur as oxides in FBC ash, and B and Mo as borates and molybdates (Table 5) .
The presence of S in FBC and FGD ashes as anhydrite (CaSO 4 ) or gypsum (CaSO 4 .2H 2 O) after hydration makes these CCPs the major S source in Sdeficient soils. Gypsum, including industrial by-products, such as phosphogypsum, has been successfully used as an S fertilizer to increase the yields of winter wheat, rice and pasture. To date, data on the use of these two CCPs as a S fertilizer is limited, although Terman et al. (1978) demonstrated that FBC ash is an effective S source for growing corn and peanuts. Approximately 50% of S in slaked FBC ash is present as sparingly soluble ettringite, which can act as a slowrelease S fertilizer (Wang, 1996) . Table 5 . Selected references on CCP-induced mobilization of nutrients and heavy metals in soils. FA and BA While alkaline FA had higher sorption maxima, BA and acidic FA had very low sorption capacity at low concentrations. Results suggested that alkaline FA may be a promising amendment for coarse sand bed to enhance P removal.
Cheung et al. (1994) FA P mobilisation enhanced by organic acids and microbial activity in swine manure amended with fly ash; B was highly soluble at the highest application rate and was detrimental to plant growth Vincini et al. (1994) FA Immediate and long-term decreases in P desorption occurred in the incubation study at all ash rates when greater than 500 mg P kg -1 were added but FA had little effect on P desorption at P rates less than 50 mg P kg 
FA
Coapplications of FA and animal manure products stabilized manure P, thereby allowing land application rates needed to fulfil plant N requirements without causing water quality impairments.
Dao (1999) FA The FA amendment retarded NO 3 -, NH 4 + , and P leaching in sandy soils and can be a useful tool for improvement of nutrient management in sandy soils. Pathan et al. (2003) FGD gypsum Treatment of high P soils with FGD gypsum decreases water-extractable P by conversion to soil IP fractions that are stable with time, it does not decrease plant production and suggests that the potential for P export in surface runoff may be reduced for several years.
Stout et al. (2003)
FBC Increased P loss -solubilisation of organic P due to an increase in soil pH resulting from free CaO content
McDowell (2004) Furnace slag and FA
The expected lifetime of constructed wetlands for P removal is likely to be increased with the use of furnace slag and FA Xu et al. (2006) FA Application of FA to rice cultivation increased available P resulting from high content of P (786 mg P kg -1 ) in the applied FA Lee et al. (2007a) FA plus phosphogypsum
The mixture significantly reduced water-soluble P (W-P) in the surface soils by shifting from W-P to iron bound-P (Fe-P), calcium bound-P (Ca-P) and aluminium bound-P (Al-P) during rice cultivation, thereby reducing P loss from paddy soils. 
Phosphorus
FA
Sand amended with FA as filter media in bioretention cells increased P removal Zhang et al. (2008) 388 Therefore, slaked FBC ash shows potential to be used as a basal S fertilizer in soils prone to severe leaching, which are common in some high rainfall areas of New Zealand and in soils with low anion retention capacities. For example, results from a field study in the peat soil indicated that ettringite-S in slaked FBC ash was less affected by leaching loss than gypsum and resulted in longer-term pasture yield S responses to FBC ash treatments (Wang, 1996) . This was supported by herbage S analysis where, 8 months after application, herbage S contents in the high rates of FBC ash treatments (6616 and 26462 kg ha -1 ) were significantly higher than the control. Hill and Lamp (1980) demonstrated that in Australian soils, FA released magnesium (Mg) at rates comparable with established Mg fertilizers.
A number of studies have examined the value of CCPs in the immobilization of P (Cheung and Venkitachalam, 2000; Stout et al., 2003; McDowell, 2004 McDowell, & 2005  Table 5 ). Loss of P through leaching and surface runoff, especially in sandy soils is a major environmental issue in many countries including Australia, resulting in the eutrophication of surface waters. For example, concentrations of P in runoff from agricultural catchments in southern Australia are high and well above national and international limits (Cox et al., 2005) . They argue that P loss is a serious problem in most parts of Australia due to its unique soil (sandy texture) and climatic (xeric; i.e., strong seasonal wetting and drying cycles) conditions. Cheung and Venkitachalam (2000) reported that coarse, sandy soil such as those found in Perth, Western Australia, exhibit low attenuation capabilities for P during effluent infiltration.
Various CCP sources including FA and BA have shown potential as soil amendments to decrease soil inorganic P solubility. For example, Stout et al. (2000) reported that FBC ash has consistently reduced concentrations of water-soluble P in a number of soils with high concentration of soluble P. They found that amendment with FBC ash resulted in a shift from readily available resin P and less available NaOHextractable Fe and Al-bound P fractions to HCl-extractable Ca-bound P, which can be attributed to their neutralizing capacity. However, considering the high treatment rates (22 tons ha -1 ) required to significantly reduce readily available P in soils, Codling et al. (2002) suggested that FBC ash may not be suitable for field application to sequester P in high P soils.
The FBC ash has also been tested in a number of studies to reduce solubility and mobility of P in soils with high P concentration and in P-rich organic wastes (Codling et al., 2002; Dou et al., 2003) . In a packed column leaching study involving dairy manure, Elrashidi et al. (1999) reported that P in leachate in FBC ash treated column was reduced by more than 80% compared with the control treatment containing dairy manure only. In a laboratory incubation and extraction study, Dou et al. (2003) found that FBC ash applied at a rate of 400 g kg -1 reduced readily soluble P by 50-60% in P-rich manures including dairy, swine and broiler litter. Seshadri et al. (2009) compared the effect of various sources of CCPs including FA, FBC and FGD ashes on P sorption in a variable charge soil. The increase in P sorption with the addition of CCPs is attributed to an increase in soil pH ( Figure-2 ) and an increase in the concentration of aluminium (Al), Iron (Fe) and Ca in soil solution resulting in the formation of insoluble Al-P, Fe-P and Ca-P (McDowell, 2004) . The decrease in P sorption with increasing levels of FGD gypsum is attributed to the decrease in soil pH. Bolan et al. (2008) examined P leaching as affected by various liming materials including FBC ash in a variable charge soil (Table  6 ). FBC ash decreased both bioavailable P as measured by Olsen P and leaching of P. et al., 1998) .
Heavy metals
Principally, the amount of trace elements (including heavy metals) in CCPs, excluding B is found within the range actually present in soils (Table 4) . For example, Korcak and Kemper (1993) observed no phytotoxic effects of micronutrients when FBC ash was used as a liming source even at very high rates. However, the availability of micronutrients to plants depends not only on the amounts applied in FBC ash, but also on the soil properties and the specific crop being grown. Although B concentrations in most CCPs (Table 4 ) are higher than those found in most soils, it is not toxic in most agricultural soils, unless supplied in excessive amounts by fertilizers. Wang (1996) reported that high application rate of FBC ash (up to 19, 185 kg ha -1 ) in a field trial had not induced visual symptom of B toxicity in a white clover and ryegrass dairy pasture in a peat soil. However, Clark et al. (1999) reported that a soil mixed with more than 0.5% FBC ash resulted in significant dry matter reduction of maize in a pot experiment due to B toxicity. Crews and Dick (1998) observed B toxicity symptoms in plant tissue when red oak is grown in soil applied with FGD ash at two times or higher the lime requirement rate. Therefore, care should be taken when applying CCPs with high levels of B to sensitive crops such as cherry, peach, lupin, and kidney bean, especially when these crops are growing on sandy soils. Stout et al. (2000) reported that the heavy metal content in CCPs is comparable to that of more traditional agricultural soil amendment products, such as lime and gypsum. In addition, the oxide form of heavy metals in FBC ash makes them much less available to plants than the organic forms in sewage sludge. However, any increase in the quantity or availability of these metals in soils should be carefully monitored using appropriate soil tests.
The value of CCPs as a viable option in immobilizing heavy metals in contaminated soils has been examined in many studies. For example, Ciccu et al. (2001) conducted a study using soils from an Italian mine site contaminated severely with heavy metals and showed decreased levels of heavy metals in percolating water from fly ash mixed soil, indicating that fly ash in such soils can lead to immobilization of heavy metal ions. Kumpiene et al. (2007) demonstrated reduced leaching of Cu and Pb from contaminated soil using coal fly ash and peat as soil amendments. They observed that the amendments reduced the exchangeable metal forms, likely because of the formation of new mineral Cu-and Pb-bearing phases and the enhanced metal sorption due to increased amount of sorptive sites. They also observed reduced metal uptake by plants and reduced soil toxicity to microorganisms. This was attributed to the rise of soil pH and the lowered metal mobility due to fly ash additions. Stehouwer et al. (1995) observed that FBC ash reduced leachate concentrations of Al, Fe, Mn and Zn that are frequently phytotoxic in acid soils. Decreased solubility and mobility of these metals would also improve surface and drainage water quality.
CONCLUSIONS
The recycling of CCPs into construction and agricultural related applications can reap substantial environmental benefits. These include:
-Waste stream reduction and associated reductions in requirements for landfill.
-Contribution to the conservation of resources such as gypsum, limestone and natural gas which would otherwise be used in cement production. -Reduction in Greenhouse Gas (GHG) emissions from cement production of almost 1 tonne of CO 2 per tonne of cement. -Decrease in fertilizer application resulting from reduced losses
Land application of CCPs affects the bioavailability of nutrients and heavy metals by both acting as their source and sink in soils. Some of the CCPs are rich in S and Ca thereby acting as a source of these nutrients. They also control the transformation of N and P through immobilization and mineralization reactions. Similarly, CCPs can act as a source of heavy metals such as B and affect their reactions by altering soil solution chemistry including pH and ionic strength. Thus, CCPs can be used to manage the bioavailability of nutrients and heavy metals, thereby enhancing soil chemical fertility and mitigating metal contaminated soils.
